Thirteen pure volatile, semi-volatile and non-volatile chlorinated organic compounds of molecular weights ranging from trichloroethylene (MW ¼ 131.39 g mole were determined in aqueous matrices by GC-ECD. After 10% salt addition, different extraction tests were performed using fibres whose adsorbing phase was based on microsphere carbon particles characterized by a constant size. Five experimental parameters were optimized: extraction temperature and time, position of the fibre in the GC injector port, desorption temperature and time. The optimized analytical protocol was employed to determine the efficiency of a real activated carbon adsorption plant to remove organic chlorinated pollutants from an industrial wastewater at ng l 21 levels.
INTRODUCTION
Organochlorine compounds may be industrial effluent contaminants ( Jya-Jyun & Shinn-Yow 2000; Shawwa et al. 2001 ) because they are used on a large scale as important industrial intermediates and solvents, in textile industries, in paper mills (Hileman et al. 1994 ) and for dry cleaning. Some of them are toxic or can have harmful health effects on humans and might be responsible for cancer, mutations and damage to the endocrine system and therefore are listed among the US-EPA priority organic pollutants. In general, because of their chemical structure, they are slowly biodegraded, so that they disperse and accumulate in the environment. They represent a category comprising the most persistent organic micropollutants present in waters (Cancho et al. 1999) . To detect in real samples the low levels normally fixed by regulatory limits, a preconcentration step is needed prior to the widely used GC-ECD (gas chromatography electron capture detector) analysis (Fiorani 1983; Huang et al. 1997) . Analytical protocols might be subdivided into two steps: the first one concerns the isolation of the analytes from the matrix and their preconcentration.
Classical methodologies involve liquid-liquid extraction for non-volatile compounds, solid phase extraction for semi-volatile compounds and 'purge and trap' (Arthur et al. 1992a; Potter & Pawliszyn 1992 or headspace analysis for volatile compounds (Arthur et al. 1992a; Louch et al. 1992; Shirey et al. 1994) .
The solid phase micro extraction (SPmE) technique (Pawliszyn 1997; Peñ alver et al. 1999 ) was introduced and developed by Pawliszyn and co-workers as a practical alternative to the more tedious and labour-intensive classical sample enrichment methodologies. For solid (Sarrió n et al. 1998) , liquid (Aguilar et al. 1999; Cancho et al. 1999; Pavoni et al. 2006 ) and gaseous (Pawliszyn 1997; Peñ alver et al. 1999 ) samples this technique integrates sampling, extraction and preconcentration. It employs fused-silica fibres coated with polymeric stationary phases to extract target analytes on the basis of the partition equilibrium between fibre and sample. SPmE requires no solvent or complicated apparatus; it needs only small volumes of sample, it is very simple, fast, easily automated, doi: 10.2166/aqua.2009.040 portable, and inexpensive while it provides good results over a wide range of analyte concentrations. It minimizes sample handling, which is the greatest source of contamination and error during analyses.
Like classical methodologies, SPmE comprises two steps. First, the target analytes are extracted from the sample matrix by exposing the fibre for a predetermined period of time. This can be accomplished either by direct immersion of the SPmE fibre into the sample or by headspace solid-phase microextraction (HS-SPmE). The amount of analyte extracted by the SPmE fibre can be determined by several parameters: for example, the characteristics of the fibre coating, the temperature and time of the extraction process, the addition of salt or organic solvent to the sample, pH modification, agitation of the sample and sample volume. During the second step, the fibre is retracted from the sample and the analytes retained in the fibre are desorbed in an analytical instrument to be separated, detected and quantified. Usually, this step is carried out by introducing the fibre in a hot GC injector port where thermal desorption takes place; owing to the high temperature, the affinity of analytes for the fibre coating decreases so that they are released (Arthur et al. 1992a,b; Louch et al. 1992; Potter & Pawliszyn 1992; Shirey et al. 1994; Huang et al. 1997; Nilsson et al. 1997) .
In the present work, after 10% NaCl addition to the sample, we optimize five experimental parameters of SPmE: temperature and time of extraction, position of fibre in the GC injector port, temperature and time of desorption.
The optimized operative parameters were applied to analyse the target organic chlorinated compounds (Table 1) in an industrial effluent to ng l 21 levels. Then, the efficiency of a real activated carbon adsorption plant was assessed in removing from an industrial effluent the target chlorinated pollutants (Pavoni et al. 2006) . 
METHODS

Materials and reagents
Adsorbates
The 13 examined organic chlorinated compounds and some of their physicochemical characteristics are listed in Table 1 . For the experiments, the following equipment was used: a SPmE holder and fibre (Supelco) (Pawliszyn 1997) ; glass vials of 20 ml with PTFE/Silicone septa (Boussahel et al. 2002) ; small PTFE lined magnets (10 £ 3 mm, Aldrich); and a magnetic stirrer (BE 32-Bicasa model). The thermostatic bath (Haake 3 M) was connected to a thermostated glass cell to keep the temperature of the magnetically stirred samples within a^18C range, checked with a thermometer (ASTM 88 C GB 4).
Optimization of the analytical method
Gas-chromatographic equipment
For the analyses a Hewlett Packard 5890 series II plus gas chromatograph (GC) equipped with an electron capture detector (ECD) was used. Auxiliary gas was a mixture of argon-methane (5%), with a flow rate of 50 ml min 21 , while the septum (i.e. injector) cleaning gas was helium, with a flow rate of 30 ml min 21 . The carrier gas was helium, with a flow rate of 0.8 ml min (Aldrich) and hexachlorobenzene 99% (Aldrich) at an average concentration of 100 mg ml 21 in acetone was prepared. First, 5 ml of concentrated standard in acetone was diluted to 1 l. Then, the dilution procedure was the same as that followed for the volatile chlorinated compounds. Therefore, for volatile chlorinated compounds the concentration range was 10 mg l 21 -1.6 £ 10 22 mg l 21 , while for non-volatile chlorinated compounds the range was 100 mg l 21 -1.6 £ 10 21 mg l 21 . The flasks were sealed with a Teflon lined plug and the solutions were left at room temperature for several hours. Then such solutions were stored in refrigerator at 48C. Milli-Q water blank samples were run to check the absence of interfering compounds.
SPmE fibre conditioning
SPmE fibres needed a thermal treatment before use to avoid the occurrence of spurious gas-chromatographic peaks due to residual interfering substances adsorbed on their surface.
Fibres were conditioned by exposing them to the flow of the septum cleaning gas in the hot chromatographic injector.
The fibre position within the gas-chromatographic injector was optimised in conjunction with the desorbing time and temperature. Optimal fibre conditioning parameters were 1 h at 2508C for Fibre 1 and 30 min at a temperature of 2808C for Fibre 2. For both fibres, blank samples were run under analytical conditions to ensure absence of any extraneous peak in the chromatogram. Three desorption cycles were normally sufficient to obtain a clean chromatogram (i.e. free from spurious peaks). In order to avoid memory effects and ghost peaks between analyses, fibres were 'banked' after each analytical run.
Analysis of organic chlorinated compounds
Volatile compounds were determined by HS-SPmE using Fibre 2; 2 g of sodium chloride and 10 ml of sample were set in a 20-ml magnetically stirred vial inside a thermostated cell at 508C, together with the SPmE holder. After 15 min of thermal equalization, the fibre was exposed from the holder to the headspace vapours above the sample for 45 min; this was then withdrawn into the holder inserted into the GC injection port and the fibre exposed for about 5 min to the carrier gas. Gas-chromatographic conditions were: injector temperature: 2408C; pressure on column head: 120 KPa; temperature programme: 358C constant for 10 min, then 48C min 21 up to 2108C, constant for 10 min; detector temperature: 3008C.
Non-volatile compounds were determined using direct immersion SPmE and Fibre 1; 4 g of sodium chloride and 20 ml of sample in a 20-ml magnetically stirred vial were set in a thermostatic cell at 508C. The SPmE holder was kept inside the solution for 15 min to attain thermal equilibrium; then the fibre was directly exposed to the sample for 20 min, retracted and quickly exposed to the carrier gas in the hot GC injector port for 5 min. Limits of detection (LOD) were calculated as signal-tonoise ratio equal to 3 whereas limits of quantification (LOQ) were considered twice that of LOD (Arthur et al. 1992b; Potter & Pawliszyn 1992) .
RESULTS AND DISCUSSION
Since SPmE is based on an equilibrium partitioning process, the greatest amount of analyte will be extracted when the equilibration time is completed or, more practically, when concentrations are very close to equilibrium (Potter & Pawliszyn 1992) . Stirring the sample reduces this time because it facilitates diffusion towards the fibre for both direct immersion and head-space extraction. Compounds with low distribution constants require longer equilibration times. In such cases, normally an extraction time shorter than the optimum 'equilibration time' was selected. In this instance, exposure time was controlled very well to 
Fibre position in the GC injector port
Normally, the position of the fibre in the GC injector port affects the yield of detected analyte. The flow of the carrier gas within the injector port helps to scavenge analytes from the fibre by moving them to the GC column. Insert liners with low volumes are required to assure rapid transfer of desorbed analytes to the GC column. Five positions were tested, while all other parameters were maintained constant. For the sake of simplicity, only Fibre 1 and low boiling compounds were used, inasmuch as in these experiments the injector geometry is the only key factor, not the type of fibre or the kind of analyte (Arthur et al. 1992b) .
Results for one selected compound (1,1,2-trichloroethane) are reported in Figure 1 , where 'distance' refers to the fibre position along the SPmE holder. As shown in Figure 1 , the highest analyte quantity was desorbed when the fibre was allocated at c. 3 cm (i.e. in the central position of the injector port), whereas desorption sensibly decreased when displacing the fibre from such an optimum. This position was kept constant during all the following experiments.
Determination of desorption temperature
The values obtained by changing only the desorption temperature are reported for two selected analytes in Table 2 . In this series of experiments to avoid memory effects, prior to each test a blank thermal desorption of the fibre was always accomplished.
For low boiling compounds, optimum desorption temperature was 2208C for Fibre 1 and 2408C for Fibre 2. Similar experiments were run for high boiling compounds by using Fibre 1 only. In this case, optimum desorption temperature was 2408C. Generally, the injector would be set at the maximum temperature permitted by the stability of both fibre coating and analytes. Higher desorption temperatures decreased the analyte quantity, probably because of thermal decomposition.
Determination of desorption time
Once the optimum desorption temperature had been determined, the desorption time was determined by exposing the fibre inside the injector, at increasing times (Arthur et al. 1992a,b) as shown in Figure 2 for one selected compound (tetrachloroethylene).
Optimal desorption time can be affected by several parameters such as injector temperature, position of the fibre, and carrier gas flow rate; usually a few minutes are adequate for most compounds. Analytes such as high molecular weight compounds would require a higher desorption temperature than the optimized one; they might be retained in the fibre coating and then appear in the following analyses giving rise to the so-called carryover effect. Higher desorption times may help to reduce this problem. However in our case, no ghost peak was ever detected. For both high and low boiling point compounds (either with Fibre 1 or Fibre 2), maximum peak area was reached after 5 minutes of exposure time. For longer desorption times, peak areas decreased, again probably due to thermal decomposition.
Determination of extraction temperature
A suitable temperature for extracting analytes from the samples into the fibre coatings was optimized in both operating conditions; that is, when immersing the fibre inside the solution and when exposing the fibre to the headspace above the solution. The quantity of analyte adsorbed onto the fibre is influenced by temperature because this changes the analyte diffusion velocity in solution and the partitioning constant between the polymeric coating and the sample. Furthermore, the higher the partitioning constants, the higher the time necessary to reach equilibrium.
As shown in Table 3 for one selected low boiling compound (1,1,1-trichloroethane), like the other parameters investigated so far, the amount of extracted analyte displayed a maximum. In most cases, for Fibre 2 such maximum was located around 40-508C and decreased on both sides of this optimum (Arthur et al. 1992b; Huang et al. 1997; Nilsson et al. 1997) . Trends for high are exemplified in Table 4 for one selected compound
(1,2,4-trichlorobenzene); the optimum extraction temperature was set at 508C.
Determination of extraction time
Optimum extraction time was determined for Fibre 2 for both direct immersion and headspace methods (Huang et al. 1997 ) as reported in Figure 3 . Extraction time has to be long enough to guarantee that the equilibrium between the analytes and the SPmE fibre is attained. This condition should be represented by a plateau in the plot. For both Fibre 1 and Fibre 2 coatings, such an equilibrium plateau was reached faster in headspace than in direct immersion experiments. In the case of direct immersion, this different behaviour was probably caused by the formation at the solution/fibre interface of a thin stationary layer impossible to remove even by vigorously stirring the solution. Such a film hampers diffusion to the coating so that the time to reach equilibrium grows longer (Arthur et al. 1992a; Huang et al. 1997) . Anyway, experimental extraction times were set within the 20 -60 min range, as shown in Table 5 .
Salt effect
The salt effect on partitioning constants and on the polymeric coating is widely documented in the literature (Arthur et al. 1992b; Louch et al. 1992; Zhang & Pawliszyn 1993; Aguilar et al. 1999) . According to most papers, normally salt improves extraction; but when the concentration of sodium chloride is brought above 10%, the benefit vanishes because the partitioning constants stabilize.
Results of our experiments with two chosen compounds
(1,1,1-trichloroethane and 1,1,2-trichloroethane) among the examined set of chlorinated organic compounds are reported in Table 6 . The data confirmed optimum concentrations for sodium chloride at 10%, above which there were no significant improvements in yields.
Final results
The final results of the optimization experiments (i.e. the optimized parameters for Fibre 1 and Fibre 2 coatings) are reported in Table 5 . Desorption time and % NaCl were set at 5 min and 10%, respectively, in all cases. Table 7 reports detection limits and correlation coefficients of calibration lines for different compounds and using two fibre coatings. As can be seen in Table 7 , HS-SPmE using Fibre 2 (low boiling point compounds) yielded the lowest LODs and the highest correlation coefficients.
Analysis of a real industrial effluent
Optimized SPmE experimental conditions were used to test the removal efficiency of 13 chlorinated organic In order to choose the best performing active carbon, preliminary experiments were carried out. To establish the time necessary to attain equilibrium at room temperature between wastewater and each of the five kinds of active carbon, the SPmE technique was instrumental in determining pollutant concentrations at different times, as shown in Figure 5 for three selected compounds. ); Detection limit has been calculated as three times signal-to-noise ratio.
The results showed that 90% of each compound was adsorbed into the activated carbon within the first 15 min and the remaining 10% after about 1.5 h. From these experiments, the GAC 1240 proved to be the best performing activated carbon. Using this adsorbent, breakthrough curves were determined by representing the percentage of pollutant remaining in the wastewater after exiting the adsorption bed; that is, the residual concentration, measured by SPmE analyses, as a function of the service time of the activated carbon bed as shown in Figure 7 for three selected chlorinated pollutants.
As explained in another article (Pavoni et al. 2006) , a real adsorbing plant was designed using these curves.
CONCLUSIONS
Using HS-SPmE with Fibre 2 in conjunction with GC-ECD, 13 chlorinated organic compounds were determined at ng l 21 levels. HS-SPmE displays shorter equilibration times than direct immersion SPmE, a cleaner background, and a longer fibre life. Fibre 2 appears to be a promising coating material. 
